Renewable sources of energy are providing an increasing share of the electricity 8 generation mix, but their intermittency drives a need for energy storage. At the same time, 9 water resources are increasingly scarce due to changes in demand, such as from population 10 growth, supply side pressures such as climate change and governance challenges relating to 11 poor management. Large storage reservoirs are used for water management and for energy 12 storage. However, some existing and proposed hydropower reservoirs require vast areas of land 13 and have considerable social and environmental impacts. Growing concerns on water and 14 energy storage from a water-energy-land nexus approach motivated this study. Our objective 15 is to compare how energy and water storage services, such as hydropower generation, 16 electricity grid and water management, are provided with Conventional Reservoir Dams (CRD) 17
Comparison between seasonal pumped-storage and conventional reservoir dams water resources are increasingly scarce due to changes in demand, such as from population 10 growth, supply side pressures such as climate change and governance challenges relating to 11 poor management. Large storage reservoirs are used for water management and for energy 12 storage. However, some existing and proposed hydropower reservoirs require vast areas of land 13 and have considerable social and environmental impacts. Growing concerns on water and 14 energy storage from a water-energy-land nexus approach motivated this study. Our objective 15 is to compare how energy and water storage services, such as hydropower generation, 16 electricity grid and water management, are provided with Conventional Reservoir Dams (CRD) 17
and Seasonal Pumped-Storage (SPS) plants. Our case study region is Brazil, a country with 18 extensive hydropower capacity and development plans, for which we compare the cost, land 19 requirement and social impacts between CRD and potential SPS plants. Whilst seasonal 20 pumped-storage have higher capital costs than conventional reservoir dams, given the much 21 lower land requirements and evaporative losses, they are a valuable water and energy storage 22 alternative especially in locations with plain topography and high evaporation. Results show 23
Introduction

36
Reservoir dams are used to store water to reduce river flow seasonality, guarantee the 37 supply of water and optimize hydropower downstream. They are also used for flood control 38 [1] , and for the various other water uses: agriculture [2, 3] , environment [4, 5] , human 39 consumption, transportation and leisure. A further advantage of storage reservoirs is to reduce 40 the water and energy supply vulnerability of a country [6] [7] [8] [9] . 41
Although estimates vary, world-wide hydropower production in 2016 was estimated at 42 4,102 TWh from an installed hydropower capacity of 1,096 GW [10] . This installed capacity 43 is growing by an estimated 28 GW per year and it is estimated that the world-wide 44 hydroelectricity energy potential is as much as 52,000 TWh/year [11] . Due to the drive for 45 more sustainable and low-carbon sources of electricity production, the number of hydroelectric 46 [22] . Currently, the SPS plant with the highest head variation SPS plant is Limberg II in Austria 79 with 164 meters [23] . This considerably reduces the amount of land required to store the same 80 amount of water and energy. However the water inlet flow into the reservoir is limited to the 81 installed pumping capacity, which can result in high installation costs. 82
This paper presents the main challenges for conventional reservoir dams and compares 83 them with seasonal pumped-storage. First, we introduce the key characteristics of storage 84 reservoirs, reviewing and discussing the storage capacity of PS plants and compare 85 conventional and seasonal pumped storage systems. Then we present a novel assessment of the 86 land requirements compared with the water and energy storage potentials of conventional 87 reservoir dams and SPS plants in Brazil. Electricity generation in Brazil heavily relies on 88 hydropower (providing around 70% of its electricity supply) and suffers from severe energy 89 crises during drought years. SPS was the possibility of increasing the country's energy and 90 water storage capacity, improving energy security of the country and reducing its vulnerability 91 to climate change. 92 93
2.
Technological Review
95
This section introduces the key characteristics of pumped storage reservoirs, in 96 particular the land requirements, storage capacity of different types of pumped storage, and a 97 detailed look into seasonal pumped storage plants. 98 
99
Land Requirement in Storage Reservoirs
100
Several aspects are considered when designing and building a storage reservoir (Table  101 1) and often depend greatly on the topography of the reservoir location. There are other aspects, 102 which are also important for storage reservoir planning that are not fully considered in this 103 article. These are basin hydrology [24] 
Storage Volume
The main objective of a storage reservoir is to store water and energy.
The higher the usable storage volume the better.
Set Value Set Value
Land Requirement
The area occupied by the reservoir.
One of the main causes of environmental, social and economic impact of reservoir dams. Should be minimized as much as possible.
Small Large
Flooded Area Variation
The amount of reservoir area which changes with the tidal variation as the reservoir is utilized.
Flooded area variation has social, environmental and economic impacts and should be reduced as much as possible.
Small Large
Level Variation
The total variation of the reservoir level from full to empty.
The higher the level variation, the higher the storage volume/ land use ratio.
Large Small
Evaporation
Evaporative losses that scale with the flooded area and reduce the overall stored volume [48] .
A storage reservoir should have a high storage volume/ flooded area ratio to reduce evaporation.
Small Large 111
Only a few aspects can be controlled when planning a storage reservoir. The main 112 parameters are the location of the dam, dam height and length, and reservoir level variation. 113
The resulting storage volume, land use, flooded area variation, evaporation, will depend on the 114 topography, geology and climate of the location. 115
Some topographical formations are more appropriate for storage reservoirs than others. 116
For example, steep valley topographies (Figure 2 (a) ), allow a large reservoir water level 117 variation (60+ meters), resulting in large reservoir volume with low land requirements. 118 Additionally, the flooded area variation and evaporative losses would be low. For example, the 119 cross-section of a reservoir with a full reservoir could reduce from 5 km, when full, to 4 km, 120 when empty. Sobradinho reservoir (Figure 3 (a) ) and the proposed Muquém SPS reservoir (Figure 9) would bring the combined benefits of both water and energy services to a country or region. 188 Table 2 
-5 Pump
Annual surplus in hydroelectric generation. Annual fuel prices cheaper than average. Lower than average annual electricity demand. Generation Annual deficit in hydroelectric generation.
(PAPS)
Annual fuel prices more expensive than average. Higher than average annual electricity demand. Switzerland, including the main purposes of the storage cycles (adapted from [66] ). 216 Table 3 compares the different pumped-storage cycles from a water perspective. The 217 reservoir size for water storage purposes varies considerably with the storage requirements. For 218 example, reservoirs can be planned to store water to regulate the flow of a main large river, or 219 it can be built to supply water for a city or for industrial processes. 220 The interesting aspect of pluri-annual and seasonal pumped-storage projects is that they 223 can provide both energy and water storage services in a single project, as show in Table 2 and 224 Table 3 . Given its low land requirements, SPS is an important alternative for balancing the 225 water-energy-land nexus and should be given more focus. An interesting approach for building storage reservoirs with minimum impact on the 250 main river is proposed in Figure 7 . This approach, named Run-of-the-River Seasonal Pumped-251
Seasonal
Storage, has the main intentions of avoiding ecosystem fragmentation of the main river 252 (damming the main river) reducing the possibility of the river to become an Intermittent River 253 and Ephemeral Stream (IRES) [67] , and reducing the required flooded area of the lower 254 reservoir, subsequently reducing evaporation. Ecosystem fragmentation impacts the river's 255 fauna and flora biodiversity and river's nutrients concentration [68] . 256
Run-of-the-River Seasonal Pumped-Storage is used to extract continuous amounts of 257
water from the river during periods of high river flow and return flexible amounts of water to 258 the river during periods with lower flows. This seasonal flexibility enables operation, that is, 259 contribute to environmental flow requirements when needed. The lower reservoir, which is not 260 on the main river, is used as a standard pumped-storage plant lower reservoir. In this way, the 261 same pump-turbines can be used both as seasonal river regulation and as a daily and weekly 262 energy storage solution. If the SPS would be used only for seasonal storage, there would be no 263 need to build the lower reservoir and the buffer power house. The buffer power house is 264 required to regulate the main river flow by exchanging water from the lower reservoir and the 265 main river, especially when the SPS power house is generating electricity during the wet period, 266 as water from the main river should be stored, and when the SPS power house is pumping 267 during the dry period, as water should be released to the main river. Ultimately, Run-of-the-268
River Seasonal Pumped-Storage is a good alternative to store water and energy, and to regulate 269 the flow of the main river without the need of damming the main river. Table 4 . 274 Land appropriation.
Flow diversion.
People resettlement.
Vegetation flooding.
Water quality degradation.
Induced earthquakes [71].
Generates and stores energy.
Stores all river flow, if reservoir not full.
Cheaper than SPS, if not considering land and evaporation costs.
Most construction sites already developed or considered.
Floods large areas.
Leaves large desert areas when empty.
High environmental impact.
Floods main rivers, which are usually more importance for social and environmental aspects then tributary rivers.
More sedimentation, as the reservoir is located in the main river. 
Seasonal
PumpedStorage (SPS)
Many locations to build reservoirs.
Floods small areas.
Stores excess generation and intermittent, unpredictable and inflexible energy sources.
Smaller evaporation due to higher volume/area ratio.
Inter-basin transfer.
Lower levels of sediment trapping, as the reservoir is not located in the main river.
Floods tributary rivers, which are usually less importance for social and environmental aspects than main rivers.
Stores more energy than CRD.
Less sedimentation as the reservoir is located in a tributary rivers.
It might not increase hydropower generation and could consume more energy than it generates.
Storage flow limited to pumping capacity.
More expensive than CRD, if not considering land and evaporation costs. The design and implementation of SPS can vary according to the requirements for water 283 and energy storage, depending on the available topography. SPS projects with high-energy 284 storage requirements and low water storage requirements should be implemented with high 285 pumping/generation heads to maximize electricity storage. Projects with low energy storage 286 requirements and high water storage requirements should be implemented with low 287 pumping/generation heads. 288 Table 5 presents examples of the water flows which demands 100 MW pumping 289 capacity with different pumping/generation heads, assuming a 90% generation efficiency. This 290 water flow could be stored in a reservoir or transposed to another river. Equation 1 presents the 291 relation between the energy required for pumping and the water flow into the storage reservoir. 292 Eq. 1:
Where is the acceleration of gravity (9.81 m/s 2 ) and is the pumping efficiency, 294 which is assumed to be 90% [72] . 295 A SPS plant built mainly for water management services, such as, flood control, water 298 supply, waterway transport, inter-basin transfer, and hydropower optimization should have a 299 low pumping/generation head so that it can pump large amounts of water with little energy. A 300 SPS plant built mainly for peak hour generation, renewable energy intermittency storage, 301 transmission optimization, energy supply security and hydropower generation should have a 302 high pumping/generation head so that it can store large amounts of energy with little water, 303 land and lower costs. Note that for hydropower optimization the pumping/generation head 304 should be small because pumping losses should be minimized and most of the hydroelectric 305 gain should happen in the dams in cascade downstream of the SPS plant. Evaporation reduction 306 requires a high reservoir level variation with the intent of reducing the evaporation area/water 307 stored ratio. This analysis is described in Table 6 . 308
In order to design multi-purpose optimal SPS projects, all these services should be 309 included into the SPS design in order to find the appropriate pumping/generation head: Water 310
Supply (WS); Flood Control (FC); Transport with Waterways (TW); Evaporation Reduction 311 (ER); Hydropower (HP); Downstream Hydropower Optimization (HO); Peak Generation 312 (PG); Intermittent Electricity Generation Storage (IS); Transmission Optimization (TO); Inter-313
Basin Transfer (BT); Energy Security (ES)). Alternatively, two or more smaller SPS plants 314 could be built, some with high pumping/generation head and others with low 315 pumping/generation head for a better combination of these services. 316 Table 6 presents examples of multi-purpose SPS applications and how well they work 317 with different pumping/generation heads, qualitatively assessed with the available literature. 318 Some of these applications need not involve a strictly seasonal operation, i.e. filling up in six 319 months and emptying in the other six months. It also considers applications in which the upper 320 reservoir stores larges amount of water for several years, in case of a drought, and other 321 applications. Note that medium and low pumping/ generation heads can also be used for 322 intermittent renewable generation storage or peak generation, however with a small and 323 medium contribution, respectively. 324 Store water at a reservoir close to full with a high level variation (100-150m) to reduce flooded area and evaporation, use the water in case of a drought or an energy crisis and use the turbines for energy storage. The upper reservoir has multiple years of storage capacity.
• The minimum required pumping/generation capacity, operating at full capacity, to fill 359 the Muquém SPS reservoir in 6 months is 1.3 GW. This would allow the reservoir to fill up 360 during the wet period and empty during the dry period. If the Muquém SPS plant were also 361 designed to store energy from intermittent renewable energy sources, the capacity of the plant 362 would have to increase to, for example, 2.1 GW in order to give it more operational flexibility. 363 The pump-turbines will then be used for seasonal, weekly and daily storage cycles according 364 to the energy and water needs. 365
As the Muquém SPS does not have a reservoir dam in the main river and the plant 366 would also be used to store intermittent renewable sources, a lower regulating reservoir, with 367 a small water storage volume, is required for daily and weekly storage cycles. This reduces the 368 impact of the SPS operation on the São Francisco river flow, as presented in Figure 7 , i.e., the 369 seasonal storage cycle between the upper reservoir and the river will not be affected by the 370 daily and weekly cycles between the upper and lower reservoirs of the SPS plant. In this way, 371
Muquém SPS would actually be a Run-of-the-River SPS plant (RRSPS), but it is called SPS to 372 generalize the comparison. 373 Table 7 presents a comparison between the existing Sobradinho CRD with the designed 374 average São Francisco river flow of 2.000 m 3 /s, a proposed Sobradinho CRD to operate with a 375 river flow of 600 m 3 /s, a proposed Muquém SPS operating only with a seasonal cycle and 376
another operation with seasonal, weekly and daily cycles. It should be noted that the seasonal 377
Muquém SPS, does not include the lower reservoir. This is because there are no weekly and 378 daily storage cycles. Table 7 
CRD. 507
This study found that SPS results in reduced evaporative losses,and can be used for 508 water management, flood control, waterways transport, hydropower generation optimization, 509 peak hours electricity generation, storage of intermittent renewable generation, electricity 510 transmission optimization, inter-basin transfer and to increase energy security. SPS should be 511 designed as a multi-purpose plants to deliver these services. 512
This paper concludes that SPS in general requires 1 to 2 orders of magnitude less land 513 than CRD to store similar volumes of water and energy. In our analysis, we concluded that if 514
Sobradinho CRD was contructed today, it would contribute to an overall economic loss of 515 
